Abstract
A numerical simulation is carried out to analyze the temperature change of an urban green area for different times of day for a meteorologically calm condition in summer. Several parameters contribute to changes of the surface layer, e.g., irrigation, plants height, water bodies, etc. Grassland cooling effect can lead to substantial decrease of energy consumption, especially in urban areas in warm seasons, for air-conditioning. In this study a numerical model for the simulation of the temperature and humidity changes of an urban grass-covered park was developed. Also the main object in this study was to determine the effect of soil and grass leaf humidity of an urban park with grass cover on air temperature in a humid city in summer. In this approach, air flow over grass was simulated using solutions of two dimensional Reynolds Averaged Navier-Stokes (RANS) equations and a standard k-e model for turbulence. Also heat and humidity equations with RANS equations were solved using the SIMPLE algorithm with a finite difference method. For the air surface interaction, the Deardorff Soil-Vegetation-Atmosphere Transfer (SVAT) model was used to estimate the evaporation-evaportranspiration of grass which has a key role in controlling the temperature and humidity of air over grass. For a more realistic numerical simulation, instead of well mixed air assumption for the inlet flow, a wind logarithmic profile based on stability conditions of air at the inlet of the computational domain was utilized. The model results, with conditions of an urban grass-covered park in Nagoya, Japan, show similar trends with observation; hence it seems that such model may be used for the study of air temperature and humidity variations, while using an irrigation program over grass, during the diurnal cycle in urban areas.
Introduction
For the creation of a comfortable and healthy environment in urban areas, we need to understand the elements affecting the urban climate. Urbanization brings about a change in the physical behavior of the landscape, especially affecting its thermal regularity. One of the most important alterations of such environment is the generally warmer urban climate, which is well documented as anthropogenic climate modifications (Jansson 2006) . For a small scale climate within an urban environment, there is a need for investigation of the deviations of temperature and humidity of from that of the average conditions (Ca et al. 1998 ). Today it is completely clear that green areas could decrease air temperature and increase air humidity as a result of latent heat flux at the surface in warm seasons. For example Avisar (1996) found that vegetation can affect the wind, temperature and moisture distributions of urban areas substantially. Jauregui (1991) showed that the large urban park can affect the surrounding air temperature and decrease it by about 2−3°C with respect to its surroundings. Honjo and Takakura (1991) carried out a numerical simulation to show that even smaller green areas within an urban area have a dramatic cooling effect on the surrounding areas. Perttali (2009) in a study concluded that the air temperature in an urban park is related to the type of vegetation. Hamada and Ohta (2010) studied the seasonal variations of the cooling effect of urban green area on surrounding urban environment and determined the relationship between vegetation cover and air temperature.
On the basis of the relationship between temperature, humidity and thermal stress, it is possible to determine the variation of vertical and horizontal air temperature and humidity for grass areas by numerical models while considering the effect of daily irrigation, especially in hot and humid areas and in warm seasons. For the urban grass-covered park in different conditions, such as irrigated or non irrigated areas, the stability of air, the size of irrigated area, the kind of soil and the time of irrigation are all important factors in determining the temperature and humidity variations of air. In the hot areas the change of a few degrees of temperature and a few percent of humidity, could be important for the comfort of the dwellers. Also natural decrease of the thermal load in such areas can decrease the energy consumption. From this point of view it is necessary to study the cooling effect of urban grassland areas during different times of day and for different conditions of soil moisture content of the urban grassland irrigation. For this approach the other similar works were studied. In many works such as Shashua-Bar and Hoffman (2000), Honjo and Takakura (1991) , Hamada and Mikami (1994) without concentration on kind of greenery in urban green areas, the cooling effect has determined by measurements or by CFD numerical model. In another work such as Hamadan and Ohta (2010) has focused on the kind of greenery in urban green areas and the cooling effect results for grass and trees which have discussed separately.
The main aim in this study is a simulation of an urban park cooling effect with grass cover by a CFD model in the hottest month (July or August) with considering the evaporation /evaportranspiration of grass and soil with a Soil-Vegetation-Atmosphere Transfers scheme for heat and moisture. To estimate the temperature and humidity gradient in vertical direction, while considering stability of air flow over a grass, a logarithmic profile based on stability conditions of air at the inlet of the computational domain was utilized (Jacobson 2005) . Numerical simulation of cooling effect, with these several and different variables can help to plan urban design in order to save energy for air conditioning methods. Such simulation is useful to predict the distributions of temperature, humidity and wind in the atmospheric surface layer in urban areas (Jacobson 2005; Roger 2002) .
Here, mainly the model description and boundary conditions with some results and the conclusion are presented in the following sections.
Governing equations

Momentum, heat and humidity equations
Under Boussinesq approximation for incompressible flows, the unsteady RANS equations of air motion for a 2-D (x-z) turbulent flow and continuity over grassland are: n T = n turbulent = c m (k 2 /e) is the turbulent eddy viscosity. The last terms on right hand side of Eqs. (9) and (10) represent the buoyancy turbulent kinetic energy.
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The upwind profiles of wind, temperature and humidity
Variation of temperature and humidity over vegetated area, with respect to surrounding, is strongly dependent on the stability of air and therefore wind profile prescribed over it, so that the stability of air should be considered for this purpose. It is not assumed that air over the height of the domain at the upwind boundary is well-mixed. The values used at the upwind, and at the lower boundary, corresponding to land, were set to the values of air temperature and specific humidity profiles based on air stability. The positive vertical virtual potential temperature shows stability, negative one shows instability and zero one indicates neutral conditions (these correspond to positive, negative and zero Ri b respectively). Hence for determining the air stability, the bulk Richardson number, Ri b (Jacobson 2005 ) is used and is given by: 
where z 0,m is the surface roughness for momentum, z 0,h is the surface roughness for heat and z r is a reference height.
Soil -Vegetation-Atmosphere-Transfer (SVAT) model
When vegetation is introduced at the ground surface, the bottom boundary conditions become more complex than that for the bare soil. For parameterization of vegetation influence on the boundary layer in this study, the Soil-Vegetation-AtmosphereTransfer (SVAT) Deardorff model was used. In Deardorff model by assuming that the storage of heat in vegetation is negligible, an equilibrium temperature, T f is determined from the heat energy gain and loss at the top of the vegetation and at the ground surface. 
where the variables T af , T a , T f , T g and q af , q a , q f , q g are values of temperature and specific humidity, between the ground and the top of vegetation layer, air, foliage and ground, respectively. q f is defined as below:
Where q s is the saturation specific humidity and f ¢ obtained as below: 
u, w, are the mean velocity components in horizontal and vertical directions respectively, and u¢, w¢ are their respective fluctuating components and p is the dynamic pressure. The Reynolds stress terms, in Eqs.
(1)−(3), are parameterized as Hipsey et al. (2004) . T V is potential virtual temperature of moving air in degrees Kelvin and is defined as:
where q is specific humidity and T is temperature of air in degrees Celsius, respectively and p 0 = 101300 Pa. T Vref is also the potential virtual temperature of surrounding environment. For the considered shallow atmospheric surface layer, the Eq. (2) is non-hydrostatic, but for thermal changes in density, the local potential temperature departure from the reference temperature (Hipsey et al. 2004) , in right hand side of Eq. (2) is used. Also under the isotropic assumption, it could be possible to obtain temperature and humidity fields using conservation equations of heat and humidity; these equations are:
Here n h is the eddy transport coefficient of heat and is related to n T (turbulent eddy viscosity) by the turbulent Prandtl number, pr = n T /n h , f H = r.c p .w¢T ¢ and f E = r.l E .w¢q¢ are sensible and latent heat fluxes respectively, where c p and l E are the specific and latent heat of evaporation respectively. The terms −w¢T ¢ = u * T * and −w¢q¢ = u * q * are the kinematic heat and moisture fluxes over the surface and are governed by the local friction velocity, u * and temperature scale T * and moisture scale q * , which are calculated as below: 
where z j−1 is the first grid point from the surface. u surface is the local friction velocity, T surface is the grass surface temperature and z 0 is the surface roughness length (Arya 1996) .
The turbulence equations
The turbulent model used here is the 2D standard k-e model where k represents turbulent kinetic energy and e represents the turbulent dissipation. This model also calculates temperature and humidity distribution under the Boussinesq assumption for compressible flows. In the k-e turbulent model k and e are prognostically computed using (Griebel et al. 1997 In Eq. (18), q is the zenith angle, which is calculated for time of experiments and for the spatial area of grassland as (Yamada 1981) , S° = 1367 W m −2 and c is the cloud fraction and a = 0.48 is the surface albedo for the grassland.
Boundary conditions
For the inlet velocities a wind profile is imposed based on the stability of air in the upwind section of the computational domain and with v, p in the domain are set everywhere to zero, k inlet = (3/2)I )/(0.07H) (Arya 1996) . Here I is the turbulence intensity and u ref is a reference velocity. I is calculated based on roughness surface (Arya 1996) .
Temperature and humidity at inflow boundary were determined based on their logarithmic profiles, which both are related to air stability conditions.
For the out flow boundary the normal derivatives of all variables were set to zero. For the velocity fields no slip condition is imposed at the surface boundary, so that u = 0, w = 0, and the normal derivatives of dynamic pressure is set to zero. By using wall function at the surface, k and e were determined. Measurement values of temperature and humidity immediately over grass surface were set for lower boundary.
Numerical method
The governing equations are numerically solved using a finite difference method with the SIMPLE algorithm by Patankar and Spalding (1975) on a staggered grid system. The staggered grid for the second-order closure formulation, were here set up by specifying the locations of u, w, p and k (also e) in four points of as has mentioned by Wilson (1984) .
The solution method is based on the solution of Navier-Stokes equations for mean flow that has been described thoroughly by Anderson (1995) .
In turbulent flow, under Boussinesq approximation, the equations of Navier-Stokes in 2 D and in component form could be written as below (Griebel, Dornseifer and Neunhoeffer 1997) .
Some results
Test of the CFD model
At first it is necessary to test the CFD present model to simulate cooling effect of urban grassland. The method which has accomplished for correcting test of model was the comparison with another similar work. For test of model without utilization of SVAT scheme, the present model run with parameters which were used in Honjo-Takakura (1991) 2-D CFD model for simulation of thermal effects of urban green areas. The results showed good agreement between present model and Honjo-Takakura model. This test shows the correctness of solution algorithm for governing equations. Of course for the test of model with utilization of SVAT scheme, it needs the additional data, which have not seen in similar works yet; consequently the data for this test were obtained from the study which was conducted in Heiwa Park, in the eastern part of the Nagoya, Japan by Hamada and Otha (2010) . The average temperature and specific humidity in August 2006 at 1500 LST (the time at which the values of difference in air temperature between urban and urban green areas (Tu-Tg) were large in summer) in this park were 31.5°C and 20 gkg −1
. It is investigated by the Jansson (2006) that the flow over grasslands was stable in the morning and in the night, but became close to neutral at midday, so that the grass surface temperature in the model was considered to be about 31.5°C. The surface roughness used for short grass is 0.02 m and the soil type of park was selected loam. The number of horizontal and vertical grid points is 151 and 16, respectively. The time step is 0.0006 s. This small time step is essential for numerical stability. After running the model with these characteristics, the convergence criterion of 10 −5 m s −1 for u was achieved after 198200 iterations. The results for variation of temperature and humidity along wind direction (u = 0.5 m s −1 , z = 1 m and x = 100 m at downstream) are shown in Fig. 1 .
As depicted in Fig. 1 , the profile of temperature and specific humidity along wind, through the computational domain remain constant. This result is very similar to that of Hipsey et al. (2004) for temperature and specific humidity over surface water (z = 0.5 m) at neutral stability.
Results of the CFD model with an urban grassland condition
As already mentioned in introduction, the main object of this study is to estimate the cooling effect of an urban grassland area in hottest months with taking into consideration the irrigation and grassland humidity variations. For this aim, the soil and leaf humidity levels must be worked out. As mentioned in Section 4.1, the cooling effect of soil and leaf humidity variations was conducted for Heiwa Park with the use of the present model. The temperature, humidity, time and stability of air in the current study, were selected as mentioned in Section 4.1. Due to the lack of measure data, for the first assumption (e.g. after irrigation), the soil humidity was selected 36% and the leaf humidity (WI ) were selected 0.54 mm, 0.50 mm, and 0.36 mm. In the second assumption (e.g. a long time after irrigation), the soil humidity was selected 10% and the leaf humidity (WI ), due to gradual drying of grass leaf, were selected 0.12 mm, 0.06 mm, and 0.006 mm accordingly. Also the surface roughness for grass and the soil type were selected similar to those used in Section 4.1. The number of horizontal and vertical grid points for this case is 271 and 16, respectively. After running the model, with the same time step and convergence criterion, as mentioned in Section 4.1, the obtained horizontal profiles of temperature, along wind direction (u = 0.5 m s −1 , z = 1 m and x = 180 m at downstream), are shown in Fig. 2 . It shows that for both assumptions, the larger humidity conditions, the changes in temperature occur sudden and earlier, especially for higher WIs, while for drier conditions the changes are rather slow, especially for higher WIs. Figure 2 also shows that with these different assumptions about soil humidity, the air temperature at this park at 1500 LST in August, under more humid soil condition (e.g., after irrigation or rain) was warmer about 1°C than the less humid soil condition. Potchter et al. (2006) showed that the urban park covered with grass was sometimes warmer and more humid than the builtup area during the day. The simulation results for soil humidity of 36% (with leaf humidity of 0.36 mm, 0.50 mm and 0.54 mm) and for soil humidity of 10% (with leaf humidity of 0.006 mm, 0.06 mm and 0.12 mm) in the current study are similar to those of Potchter et al. (2006) .
Conclusion
A two dimensional CFD model was developed and presented for an urban grassland air flow to estimate the temperature and humidity changes as a result of irrigation in a humid city in summer . The model equations are RANS, mass continuity, heat and moisture equations under the Boussinesq approximation. The Reynolds stresses and turbulent terms are parameterized using an eddy viscosity approach. The model employs the standard k-e turbulent scheme and non uniform staggered grid systems. The governing equations were solved numerically using a finite difference method with the SIMPLE algorithm. A similar CFD model in simple form but without the use of SVAT scheme, has already been used for an urban green area (Honjo and Takakura 1991) . Analysis of simulation results of the present model showed that, the present CFD model with the use of SVAT scheme simulates the effects of air temperature change of irrigation for urban grasslands rather well. The present work is only a model development work and some test runs and requires testing with use of field data.
For a better demonstration of the model abilities one should plan experiments for large grassland in an urban humid area, especially for the summer season. This is our next plan to do as such experiment requires extensive measuring facilities.
